Gas-atomized Ni 52:5 Nb 10 Zr 15 Ti 15 Pt 7:5 metallic glassy alloy powders were consolidated by a spark plasma sintering (SPS) process. The densification behavior during the SPS process as well as the structure, thermal stability and mechanical properties of the sintered specimens were investigated. The glassy alloy powders were densified rapidly when the temperature exceeded about 740 K. The density of the sintered specimens increased with an increase in sintering temperature. The specimens with full densification and no crystallization were obtained by the SPS process at a sintering temperature of 773 K with a loading pressure of 600 MPa. The sintered specimens exhibit high-strength and can meet large-size requirement.
Introduction
Bulk metallic glasses (BMGs) with unusual combinations of physical, chemical, and mechanical properties are promising materials for structural and functional applications. 1) In the case of Ni-based BMGs, it has been reported to exhibit a high strength, high thermal stability, and high corrosion resistance. 2, 3) Recently, BMG rods of Ni-based alloys up to 2$5 mm in diameter using Cu mold casting technique, have been produced in various Ni-based alloy systems: Ni-NbTi, 4, 5) Ni-Nb-Ti-Zr, 6, 7) Ni-Nb-Ti-Hf, 8) Ni-Nb-Zr, 9, 10) Ni-NbSn, 2) Ni-Zr-Ti-(Si,Sn) 11, 12) and so on. However, the critical size of Ni-based BMGs obtained is much smaller compared to Zr-based, Pd-based, Cu-based, and rare earth metal-based BMGs with critical sizes over 20 mm. This limits the extensive practical applications of Ni-based BMGs.
Powder metallurgy process should be a good alternative to overcome the limitation of the dimensions. Spark plasma sintering (SPS), as a newly developed rapid sintering technique, has a great potential for sintering amorphous materials. It also causes minimal grain growth for crystalline materials due to a short sintering time. 13) Furthermore, the SPS process is a type of compression sintering technique which is somewhat similar to hot-pressing (HP), so that the sintered specimens with the large-size and complicated shape can be produced. 14) In the SPS process, the pulse electric current directly flows through the sintering powdered materials, and a very high heating efficiency is achieved. The application of pulsed DC voltage induces various phenomena caused by electrical and thermal effects, providing advantages which could not be obtained using conventional sintering processes. 13) These phenomena can be summarized as follows: [13] [14] [15] [16] [17] [18] [19] (a) electrical breakdown of the surface oxide film and removal of the contaminated layer on the particle surface by spark generation and sputtering effect; (b) destruction of the surface oxide film and neck formation between the powder particles; (c) focused current and Joule heat at the neck, and (d) enhanced migration of atom by the temperature difference between neck and particle core as well as by electrical field, and enhanced the neck growth. Therefore, the sintering can be carried out at a lower temperature and in a shorter time than that with conventional processes. Hence the SPS process can be applied to materials that need suppress crystallization and grain growth. Using the SPS process, Zr-based, 20) Cu-based, 21) Fe-based, 22) and Ni-based 23) BMG specimens have been fabricated. In the present study, the gas-atomized Ni 52:5 Nb 10 Zr 15 -Ti 15 Pt 7:5 metallic glassy alloy powders were sintered by the SPS process at various sintering temperatures. In a recently paper, we have reported the structural characterization, in particular, the microstructure of the interface between powder particles in the specimens sintered by the SPS process at a sintering temperature of 773 K. 23) In this paper, we will focus on the densification behaviors during sintering process. The effects of the sintering temperature on the microstructure, thermal stability and mechanical properties of the sintered specimens were also investigated.
Experimental Procedures
Master ingots of the Ni 52:5 Nb 10 Zr 15 Ti 15 Pt 7:5 alloy (composition is given in nominal atomic percentages) were prepared by arc melting a mixture of high purity Ni, Nb, Zr, Ti and Pt in an argon atmosphere purified using Ti getter. The Ni 52:5 Nb 10 Zr 15 Ti 15 Pt 7:5 glassy alloy powders were produced by a high pressure argon gas atomization method. The details of the processing procedures and the characterizations of the precursor powders can be referred to Ref. 23 ). The glassy alloy powders with the size below 63 mm were used in the subsequent sintering experiment. The morphology of the prepared glassy powders is shown in Fig. 1 .
The glassy alloy powders were pre-compacted, and then sintered by a SPS process. The sintering was carried out in a vacuum using a SPS system (Model SPS-3.20MK-IV, Sumitomo Coal Mining Co. Ltd., Japan). This system is composed of control unit, mechanical driving unit, vacuum system and the chamber where the sample and the dies are inside. The sintering temperature is measured and controlled by a sheath thermocouple inserted into the die wall with a distance of about 5 mm from the sintered specimens. A uniaxial pressuring method was conducted using top and bottom WC hard metal punches. The loading pressure was 600 MPa in the present study. The holding time at peak sintering temperature was 10 min. Figure 2 gives the temperature and loading pressure control model during the SPS process. The details of heating method, temperature measurement and control, as well as loading pressure control in the SPS process have been described in a previous paper. 24) The sintered specimens obtained were a cylindrical shape with a diameter of 20 mm and a height of about 5 mm.
The density of the sintered specimens was determined by the Archimedean method using tetrabromoethane. Thermal stability associated with the glass transition, supercooled liquid region, and the crystallization was studied by differential scanning calorimetry (DSC) at a heating rate of 0.67 K s À1 . The structures of the gas-atomized powders and the sintered specimens were examined by X-ray diffractometry (XRD) in reflection with a monochromatic Cu K radiation, and the microstructure was observed by a scanning electron microscopy (SEM). Mechanical properties under uniaxial compression were measured using a conventional mechanical testing machine (Shimadu, Autograph AG-X) at a constant crosshead speed which corresponds to the initial strain rate of 5 Â 10 À4 s À1 . The specimens with a rectangular shape of 2.5 mm in width, 2.5 mm in length and 5.0 mm in height were used.
Results

Densification behavior during the SPS process
One can obtain directly Z-axis displacement data during the sintering process from the record results of the SPS apparatus. The linear shrinkage of the sintered powders during the SPS process is equal to real Z-axis displacement, which can be determined by the obtained Z-axis displacement deducted thermal expansion quantity of the WC punches. The density of the samples in the heating process, which is named as the apparent density, can be estimated from the linear shrinkage of the sintered powders. Figure 3(a) shows the apparent relative density and linear shrinkage of the sintered powders as a function of the temperature and holding time at a loading pressure of 600 MPa. Figure 3(b) gives the change of the densification rate as a function of the heating temperature. The densification rate was determined by calculating the slope of the linear shrinkage curve of the sintered glassy powders during the heating process. It can be seen that the linear shrinkage, apparent relative density and the densification rate increase with increasing in the heating temperature when the temperature is higher than about 600 K, and then change abruptly from the heating temperatures above about 740 K. For the holding stage, the significant increase in the relative density is not observed. We have demonstrated that the tendency of change on the real density was consistent with the change of the apparent relative density. 25) It indicates that the observation of the linear shrinkage is very useful to understand the densification behavior of the powder compacts during the SPS process. Table 1 gives the measured relative density of the samples sintered by the SPS process at various sintering temperatures with a loading pressure of 600 MPa and a holding time of 10 min. The reported relative density is from an average value of at least three sintered samples at each sintering temperature. The relative density increases with an increase in sintering temperature and reaches a nearly full density at a sintering temperature of 773 K.
3.2 Structure, thermal stability and mechanical properties of the sintered compacts Figure 4 shows the XRD patterns of the Ni 52:5 Nb 10 -Zr 15 Ti 15 Pt 7:5 specimens sintered at various temperatures with a loading pressure of 600 MPa and holding time of 10 min. The XRD pattern of the gas-atomized powder is also given in Fig. 4 for comparison. The XRD patterns of the specimens sintered at the temperatures below 773 K consist only of a broad halo peak and no sharp peaks corresponding to crystalline phase are observed, in agreement with the original glassy nature of the gas-atomized Figure 5 shows the DSC curves of the Ni 52:5 Nb 10 Zr 15 -Ti 15 Pt 7:5 specimens sintered at various temperatures, together with the curve of the gas-atomized alloy powder. The features of the DSC curves, and the glass transition temperature (T g ) of 821 K, the onset temperature of the crystallization (T X ) of 904 K, and the extent of the supercooled liquid region (ÁT) of 83 K for the specimens sintered at the temperatures below 773 K are similar to those from the original powder. Furthermore, the crystallization enthalpy (ÁH) of the specimens sintered at below 773 K is also similar to that of the original powder, which is 71.3 J/g, as indicated in Fig. 5 . It indicates that no crystallization occurred during the SPS process at sintering temperatures below 773 K. However, the crystallization enthalpies (ÁH) for the specimens sintered at temperatures of 798 K and 821 K are smaller than that of the original powder. It should originate from partially crystallization of the sintered specimens during the SPS process.
Microstructure of the sintered specimens was observed by SEM. Figure 6 shows SEM micrographs of the cross section of the specimens sintered at various temperatures. A number of pores are observed in the samples sintered at temperatures below 723 K, as shown in Figs. 6(a) and 6(b) . The neck formation between powder particles can be seen. The original morphology of the powder particles is maintained, though certain deformation of the powder particles can be observed. Increasing sintering temperature to 748 K, the pores decrease. 
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Some pores are indicated by arrows in Fig. 6(c) . The identification of the boundary of the original powder particles is difficult. With increasing sintering temperature to 773 K, the sintered specimen with a relative density of 99.95% exhibits only a few pores in the SEM image, as shown in Fig. 6(d) . No additional contrast due to a crystalline phase is observed. The compressive properties of the sintered Ni 52:5 Nb 10 -Zr 15 Ti 15 Pt 7:5 specimens have been evaluated. Figure 7 shows typical nominal compressive stress-strain curves, and Table 2 gives the compressive fractured strength for the specimens sintered by the SPS process at various temperatures. The reported fractured strength is an average value of at least three sintered samples at each sintering temperature. It is seen that the fractured strength for the specimen sintered at 773 K is 2490 MPa, which is similar to that of the casting specimen of the Ni 52:5 Nb 10 Zr 15 Ti 15 Pt 7:5 glassy alloy. One can note that the ductility of the samples sintered at below 773 K increases, while the strength decreases with a decrease of the sintering temperature. This is because the porosity of the sintered samples increases with the decrease of the sintering temperature.
Discussion
It is known that the SPS process is an electrical sintering technique which applies an ON-OFF DC pulse voltage. The pulse electric current directly flows through the sintered powder materials in the SPS process. Thus the temperature at the contact interfaces between powder particles, especially at low relative density, should be higher than the average temperature for the sintered specimens due to the focused current and Joule heat at the bonded interface between powder particles, 14, 15) which has been demonstrated in our previous investigations of Al-Mg alloy powders sintered by the SPS process. 16, 17, 27) This local high temperature can enhance the formation and growth of the neck between powder particles, and improve the properties of the sintered specimens. The sintering temperature is measured and controlled by a thermocouple inserted into the die wall with a distance of about 5 mm from the sintered powders in the present study. It has been demonstrated that the die temperature should be lower than that of metal powder temperature in a SPS process.
28) The sintering might be carried out in a temperature over the measured sintering temperature in the SPS process. Based on the results of the densification behavior and SEM observations, the densification rate changes abruptly at temperatures above about 740 K (Fig. 3) , and enormous plastic deformation of the powder particles takes place for the samples sintered at above 748 K (Fig. 6 ). It can be deduced that the temperature of the bonded interface between the particles maybe have reached the temperature of supercooled liquid region, even though the sintering temperature is about 740 K, which is lower than the glass transition temperature (821 K) of the Ni 52:5 Nb 10 Zr 15 Ti 15 Pt 7:5 glassy alloy.
On the other hand, when the sintering was carried out at a temperature of 798 K, the crystallization of the sintered specimens has been observed (Figs. 4 and 5) , even though this temperature is lower than the crystallization temperature (904 K) as well as the glass transition temperature (821 K) of the Ni 52:5 Nb 10 Zr 15 Ti 15 Pt 7:5 glassy alloy powder. The volume fraction of the crystalline phases in the specimens, which is estimated by comparing the exothermic heat flow released during crystallization of the sintered specimens with that of the original Ni 52:5 Nb 10 Zr 15 Ti 15 Pt 7:5 glassy powder on the DSC curves, is about 12.9% for the specimen sintered at 798 K. The fractured strength of the sintered specimen is 2560 MPa. It is higher than that of the specimen sintered at 773 K, which is 2490 MPa ( Table 2) . This is because a metallic glassy matrix composite dispersed with nanoscale crystal Ni 10 Zr 7 ss particles has been formed for the specimen sintered at 798 K, while the specimen sintered at 773 K consists of monolithic glassy phase. Based on the obtained XRD patterns, the grain size of the precipitated Ni 10 Zr 7 ss phase was estimated using the maximum halfwidth by Scherrer formula, 29) which is about 24 nm. It has been demonstrated that the metallic glassy matrix composite dispersed with about 10% crystal particles exhibited a higher strength than that of monolithic glassy phase. [30] [31] [32] [33] [34] 
Conclusions
We prepared the Ni 52:5 Nb 10 Zr 15 Ti 15 Pt 7:5 metallic glassy alloy powders by gas atomization method. The densification behavior of the gas-atomized glassy powders during the SPS process as well as the structure, thermal stability and mechanical properties of the sintered specimens have been investigated. The results indicated when the temperature during the SPS process exceeded about 740 K, a rapid densification of the glassy powders was taken place. The density of the sintered specimens increased with an increase in sintering temperature. The high-strength sintered specimens with full densification and no crystallization were obtained by the SPS process at a sintering temperature of 773 K with a loading pressure of 600 MPa. Using this SPS process, limitation of a certain glassy alloy system and its glass-forming ability on the fabricating large-size BMGs can be overcome.
